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gZ hkgh\_ \ukhdhqZklhlgh]h jZajy^Z 
  
:: B\Zgh\ B< Rboh\p_\ :: Ih^ufbgh]bg BB :\_j[mo 
L> :of_lh\ <B >Z\u^_gdh II >_cqmeb 
Bgklblml y^_jghc nbabdb bf ;m^d_jZ KH J:G 
 Gh\hkb[bjkd Jhkkby 
:gghlZpby 
< BYN KH J:G Gh\hkb[bjkd jZajZ[hlZg bg`_dlhj Zlhfh\ \h
^hjh^Z ij_^gZagZq_gguc ^ey ^bZ]ghklbdb ieZafu \ kh\j_f_gguo lh
dZfZdZo Bhgguc bklhqgbd ^bZ]ghklbq_kdh]h bg`_dlhjZ h[_ki_qb\Z_l
nhjfbjh\Zgb_ imqdZ ijhlhgh\ bhgh\ ]_eby k lhdhf ^h  :  :
wg_j]b_c ^h  dw< m]eh\hc jZkoh^bfhklvx a ]jZ^mkZ b ^ebl_evgh
klvx ^h  k_d >ZggZy jZ[hlZ ihk\ys_gZ hibkZgbx h^ghc ba hkgh\
guo qZkl_c bhggh]h bklhqgbdZ – ieZaf_gghfm wfbll_jm gZ hkgh\_ \u
khdhqZklhlgh]h jZajy^Z >bZf_lj wfbll_jZ  ff wfbkkbhggZy iehl
ghklv bhggh]h lhdZ khklZ\ey_l  f:kf2 k g_h^ghjh^ghklvx ±6%. 
Imqhd nhjfbjm_lky q_luj_o-we_dljh^ghc bhggh-hilbq_kdhc kbkl_fhc
k  djm]eufb hl\_jklbyfb KhklZ\ bhggh]h imqdZ ijb lhd_  : 
ijhlhgh\  bhgh\ H2+ b  bhgh\ H3+ h[sbc \uoh^ [he__ ly`_
euo bhgh\ \ imqd_ g_ ij_\urZ_l −3%.  
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Abstract 
 An injector of hydrogen atoms was developed in the Budker INP (No-
vosibirsk) for plasma diagnostic  in the modern tokamaks. The ion source of 
the diagnostic injector provides a proton (helium ion) beam  with a current of 
up to 2A (1A), energy up to 55 keV, beam divergence ~0.6 degree and pulse 
duration up to 10 s. This work is devoted to the main part of the ion source − 
the plasma emitter based on a radio frequency discharge. The emitter diameter 
is 72 mm, the ion current density is 120 mA/cm2 with homogeneity ±6%. The 
beam is formed by making use of four electrode ion optical system with 163 
round holes. The beam species for the ion current 2 A: 74% protons, 13% H2+ 
b  H3+, total abundance of heavy ions in the beam does not exceed 2−3%. 
 
 











 >ey Zdlb\ghc dhjimkdmeyjghc ^bZ]ghklbdb ijbf_k_c \ djmiguo
l_jfhy^_jguo mklZgh\dZo rbjhdh_ ijbf_g_gb_ gZreZ bg`_dpby imqdh\
Zlhfh\ \h^hjh^Z ^_cl_jby HilbfZevgZy wg_j]by qZklbp ^bZ]ghklbq_kdh]h
imqdZ aZ\bkbl hl dhgdj_lgh]h bkihevam_fh]h f_oZgbafZ _]h \aZbfh^_ckl\by
k ieZafhc LZd ^ey ^bZ]ghklbdb hkgh\Zgghc gZ j_]bkljZpbb baemq_gby \h
^hjh^hih^h[guo bhgh\ m]e_jh^Z h[jZamxsboky \ ieZaf_ ba-aZ i_j_aZjy^db
Zlhfh\ imqdZ gZ bhgZo K6+ hilbfZevgZy wg_j]by hdheh  dw< WlZ wg_j]by
lZd`_ ^hklZlhqgh \ukhdZ qlh[u h[_ki_qblv ohjhr__ ijhgbdgh\_gb_ imqdZ \





Bf_ggh lZdb_ iZjZf_lju ieZafu oZjZdl_jgu ^ey kh\j_f_gguo lhdZfZdh\  
 Ke_^m_l hlf_lblv qlh lj_[m_fu_ iZjZf_lju ^bZ]ghklbq_kdh]h imq
dZ lZdb_ dZd m]eh\Zy jZkoh^bfhklv ihi_j_qguc jZaf_j iehlghklv lhdZ
jZa[jhk ih wg_j]bb \h fgh]hf y\eyxlky ki_pbnbq_kdbfb hlebqgufb kdZ
`_f hl lj_[h\Zgbc ij_^ty\ey_fuf d imqdZf ^ey gZ]j_\Z ieZafu > @ LZd
gZijbf_j lhd imqdZ b iehlghklv lhdZ ^he`gu [ulv ^hklZlhqgh [hevrbfb
qlh[u h[_ki_qblv gm`guc mjh\_gv kb]gZeZ \ j_]bkljbjmxs_c kbkl_f_ b
\f_kl_ k l_f ^bZ]ghklbq_kdbc imqhd g_ ^he`_g \hafmsZlv ieZafm aZf_lguf
h[jZahf Wlb lj_[h\Zgby m^h\e_l\hjyxlky ijb lhd_ ZlhfZjgh]h imqdZ
~1 −  wd\: b _]h ihi_j_qghf jZaf_j_ \ ieZaf_ a kf >@  
 >ey nhjfbjh\Zgby bhgguo imqdh\ k lhdhf ^h  : b ^ebl_evghklvx
^h  k_d gZfb jZajZ[hlZg ieZaf_gguc wfbll_j gZ hkgh\_ \ukhdhqZklhlgh]h
<Q jZajy^Z 
 H[sZy ko_fZ bhggh]h bklhqgbdZ b dhgkljmdpby wfbll_jZ hibkZgu \
jZa^_e_  ;he__ ^_lZevgh_ hibkZgb_ bhggh]h bklhqgbdZ ij_^klZ\e_gh \ jZ
[hlZo >−@ < jZa^_e_  ijb\_^_gu j_amevlZlu bkke_^h\Zgby ]_g_jZpbb
ieZafu \ <Q−wfbll_j_ b hilbfbaZpbb _]h iZjZf_ljh\ ^ey ij_pbabhggh]h
nhjfbjh\Zgby bhggh]h imqdZ < jZa^_e_  hibkZgu j_amevlZlu ahg^h\uo
baf_j_gbc l_fi_jZlmju b iehlghklb ieZafu JZa^_e  kh^_j`bl ^Zggu_ ih
fZkkh\hfm khklZ\m imqdZ JZa^_e  ihk\ys_g h[km`^_gbx ihemq_gguo j_




 Bhgguc bklhqgbd >@ khklhbl ba ]ZahjZajy^ghc dZf_ju \ dhlhjhc
kha^Z_lky ieZaf_gguc wfbll_j b q_luj_o-we_dljh^ghc bhggh-hilbq_kdhc
kbkl_fu BHK h[_ki_qb\Zxs_c nhjfbjh\Zgb_ bhggh]h imqdZ H[sbc \b^
bhggh]h bklhqgbdZ gZ hkgh\_ ieZaf_ggh]h <Q−wfbll_jZ ko_fZlbq_kdb ihdZ
aZg gZ jbk1 Pbebg^jbq_kdZy qZklv ]ZahjZajy^ghc dZf_ju  ba]hlh\e_gZ ba
d_jZfbdb $O2O3 b bf__l lhesbgm kl_ghd  ff JZ[hqbc ]Za \h^hjh^ beb
]_ebc ih^Z_lky \ dZf_jm q_j_a hl\_jklb_ \ hoeZ`^Z_fhf \h^hc lhjp_\hf
f_^ghf neZgp_ Ih^ZqZ ]ZaZ ijhba\h^blky q_j_a ]b[dbc ^bwe_dljbq_kdbc
dZibeeyj  k \gmlj_ggbf ^bZf_ljhf  −  ff qlh iha\hey_l bahebjh
\Zlv bfimevkguc deZiZg ^ey gZimkdZ ]ZaZ hl ]ZahjZajy^ghc dZf_ju gZoh^y
s_cky ih^ \ukhdbf ^h  d< ihl_gpbZehf >ey ih^^_j`Zgby ^hklZlhqgh
[hevrh]h ^Z\e_gby \ dZibeeyj_ \h \j_fy jZ[hq_]h bfimevkZ gZ \uoh^_ ba
g_]h jZkiheZ]ZeZkv ^bZnjZ]fZ k hl\_jklb_f  ff \ ^bZf_lj_ qlh ij_^hl
\jZsZ_l \ukhdh\hevlguc ijh[hc dhlhjuc ijhbkoh^bl ijb ^Z\e_gbb \ dZ
ibeeyj_ ≤ Zlf < dZq_kl\_ bfimevkgh]h deZiZgZ bkihevah\Zeky dhgljhe
e_j nbjfu 0.6 Yihgby dhlhjuc iha\heye mklZgZ\eb\Zlv ihlhd ^h
 e⋅Lhjjk k lhqghklvx  Baf_j_ggh_ \j_fy mklZgh\e_gby ihlhdZ k
mq_lhf aZ^_j`db ba-aZ l_q_gby q_j_a dZibeeyj a −  k 
 
Jbk 1 Bhgguc bklhqgbd  – d_jZfbq_kdZy jZajy^gZy dZf_jZ  – ih^\h^
]ZaZ  – ihklhyggu_ fZ]gblu  – Zgl_ggZ  – k_lhqgZy kbkl_fZ 
 
<ukhdhqZklhlguc jZajy^ \ha[m`^Zeky gZ qZklhl_  F=p ijb ih
fhsb \g_rg_c Zgl_ggu  :gl_ggZ ij_^klZ\ey_l kh[hc r_klb\bldh\mx
dZlmrdm gZfhlZggmx gZ nlhjhieZklh\hf dZjdZk_ ijh\h^hf IW<- \ iylv
iZjZee_evguo gbl_c <ukhdhqZklhlgZy fhsghklv ih^Z\ZeZkv d Zgl_gg_ q_j_a
fZkeyguc jZa^_ebl_evguc ljZgknhjfZlhj  
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  JZajy^ aZ`b]Zeky \ dZf_j_ ijb ih^Zq_ <Q−gZijy`_gby gZ Zgl_ggm b
kjZ[Zlu\Zgbb ih^`b]Z Ih^`b]h\h_ mkljhckl\h jZkiheZ]Zehkv gZ aZ^g_f
neZgp_ b khklhyeh ba ^\mo dhZdkbZevguo we_dljh^h\ jZa^_e_gguo d_jZfbq_
kdbf baheylhjhf >ey gZ^_`gh]h bgbpbbjh\Zgby <Q−jZajy^Z \ rbjhdhc
h[eZklb ^Z\e_gbc b gZijy`_gbc gZ Zgl_gg_ f_`^m gbfb ijbdeZ^u\Zehkv
gZijy`_gb_ hdheh  d< qlh ijb\h^beh d ijh[hx ih ih\_joghklb baheylhjZ 
 GZ aZ^g_f neZgp_ ]ZahjZajy^ghc dZf_ju mklZgZ\eb\Zeky gZ[hj ih
klhygguo fZ]gblh\ Bo jhev khklhbl k h^ghc klhjhgu \ jZkk_b\Zgbb ihlhdZ
h[jZlguo we_dljhgh\ ihklmiZxsbo ba BHK b l_f kZfuf \ mf_gvr_gbb
iehlghklb l_ieh\uo gZ]jmahd gZ aZ^gbc neZg_p Djhf_ lh]h ihe_ wlbo fZ]
gblh\ kgb`Z_l ihlhd ieZafu gZ g_]h m\_ebqb\Zy wg_j]_lbq_kdmx wnn_dlb\
ghklv jZajy^Z H[gZjm`_gh qlh mklZgh\dZ fZ]gblh\ ijb\h^bl d ihy\e_gbx
hij_^_e_gghc Zkbff_ljbb ijhnbey ihlhdZ ieZafu \ iehkdhklb ieZaf_gghc
k_ldb >ey kgb`_gby gZ[ex^Z\r_cky Zkbff_ljbb [ueb bkke_^h\Zgu jZaebq
gu_ dhgnb]mjZpbb fZ]gblh\ J_amevlZlu wlbo bkke_^h\Zgbc h[km`^Zxlky
gb`_ \ jZa^_e_  
Ba\e_q_gb_ ba ieZafu b mkdhj_gb_ iheh`bl_evguo bhgh\ hkms_kl\
eyehkv k ihfhsvx -o we_dljh^ghc bhggh-hilbq_kdhc kbkl_fu k  hl\_j
klbyfb ^bZf_ljhf  ff > @ =_hf_ljby we_dljh^h\ BHK b aZahju f_`^m
gbfb hilbfbabjh\Zgu ^ey iehlghklb lhdZ  ±  f:kf2.  
GZ jbk2 ij_^klZ\e_gZ ko_fZ ih^\h^Z <Q−fhsghklb d Zgl_gg_ bg
^mdlb\ghklv dhlhjhc khklZ\eyeZ /a   fd=g IeZaf_ggZy gZ]jmadZ ^ey
<Q−]_g_jZlhjZ fh`_l [ulv ij_^klZ\e_gZ wd\b\Ze_glgufb Zdlb\guf khijh
lb\e_gb_f 5p b bg^mdlb\ghklvx /p a^_kv 5p b /p i_j_kqblZgu d ih^\h^Zf
Zgl_ggu Kh]eZkgh baf_j_gbyf gZ]jmadZ ij_^klZ\eyeZ kh[hc \ hkgh\ghf
Zdlb\gh_ khijhlb\e_gb_ lZd dZd \ j_`bf_ ohehklh]h oh^Z ]_g_jZlhjZ b k
<Q−jZajy^hf j_ahgZgkgZy qZklhlZ Zgh^gh]h dhglmjZ baf_gyeZkv g_agZqb
l_evgh gZ  −  F=p OZjZdl_jgh_ agZq_gb_ 5p a  Hf Ijb jZ[hl_
wfbll_jZ k ghfbgZevghc iehlghklvx lhdZ  f:kf
2
Zfieblm^Z \ukhdhqZk
lhlgh]h gZijy`_gby gZ Zgl_gg_ jZ\gZ  d< Z ih]ehsZ_fZy \ jZajy^_
fhsghklv khklZ\eyeZ hdheh  d<l J_Zdlb\guc lhd \ Zgl_gg_ ijbf_jgh jZ\_g
 : 
 
Jbk 2 Ko_fZ <Q−]_g_jZlhjZ 
Ih]ehsZ_fZy \ jZajy^_ <Q−fhsghklv hij_^_eyeZkv ih gZijy`_gbx
gZ Zgl_gg_ b wd\b\Ze_glghfm khijhlb\e_gbx ieZafu ih nhjfme_ J  8
2/2RJ, 
]^_ 8 – Zfieblm^Z gZijy`_gby gZ Zgl_gg_ 5J − wd\b\Ze_glgh_ khijhlb\e_
gb_ ieZafu Wd\b\Ze_glgh_ khijhlb\e_gb_ ieZafu hij_^_eyehkv \ ^\Z wlZiZ
ijb jZ[hl_ <Q−]_g_jZlhjZ \ j_`bf_ k \g_rgbf \ha[m`^_gb_f GZkljhcdZ
Zgl_ggh]h dhglmjZ \ j_ahgZgk k qZklhlhc \ha[m`^_gby mklZgZ\eb\ZeZkv ih
fZdkbfZevghfm agZq_gbx lhdZ wfbll_jZ I_j\hgZqZevgh baf_jyebkv <Q−gZ-
ijy`_gb_ gZ Zgl_gg_ k ieZaf_gghc gZ]jmadhc b Zfieblm^Z <Q−gZijy`_gby
gZ \oh^_ hdhg_qgh]h dZkdZ^Z gZkljh_ggh]h \ j_ahgZgk k qZklhlhc ]_g_jZlh
jZ Ihke_ wlh]h \ j_`bf_ [_a ieZafu iZjZee_evgh Zgl_gg_ ih^dexqZehkv
Zdlb\gh_ khijhlb\e_gb_ lZdhc \_ebqbgu ijb dhlhjhf gZijy`_gb_ gZ Zg
l_gg_ jZ\gyehkv baf_j_gghfm \ j_`bf_ k ieZafhc Ijb wlhf Zfieblm^Z
<Q−gZijy`_gby gZ \oh^_ hdhg_qgh]h dZkdZ^Z ih^^_j`b\ZeZkv jZ\ghc jZg__
baf_j_gghc Z qZklhlZ \ha[m`^_gby ]_g_jZlhjZ mklZgZ\eb\ZeZkv jZ\ghc j_
ahgZgkghc qZklhl_ Zgl_ggh]h dhglmjZ GZkljhcdZ \ j_ahgZgk hij_^_eyeZkv ih
fZdkbfZevghfm agZq_gbx <Q−gZijy`_gby gZ Zgl_gg_ Ih^h[jZggh_ lZdbf
h[jZahf khijhlb\e_gb_ khhl\_lkl\h\Zeh wd\b\Ze_glghfm khijhlb\e_gbx
ieZafu 
 <Q−]_g_jZlhj ^ey \ha[m`^_gby lhdZ \ Zgl_gg_ ij_^klZ\eye kh[hc
fgh]hdZkdZ^guc j_ahgZgkguc mkbebl_ev k \uoh^ghc fhsghklvx ^h  d<l
Mkljhckl\h <Q−]_g_jZlhjZ iha\hey_l jZ[hlZlv \ j_`bf_ k \g_rgbf \ha[m
`^_gb_f beb k kZfh\ha[m`^_gb_f J_`bf k kZfh\ha[m`^_gb_f hdZaZeky
[he__ ij_^ihqlbl_e_g lZd dZd \ wlhf kemqZ_ ijb jZ[hl_ k ieZafhc Z\lhfZlb
q_kdb ijhbkoh^beZ gZkljhcdZ ]_g_jZlhjZ \ j_ahgZgk b \ Zgl_ggm i_j_^Z\Z
eZkv fZdkbfZevgZy fhsghklv 
< ]_g_jZlhj_ [ueZ ij_^mkfhlj_gZ \hafh`ghklv jZ[hlu \ j_`bf_ k
Zfieblm^ghc fh^meypb_c \uoh^gh]h <Q−gZijy`_gby Wlh g_h[oh^bfh ^ey
m\_ebq_gby b mf_gvr_gby iehlghklb ieZafu \ wfbll_j_ \ l_q_gb_ jZ[hq_]h
bfimevkZ ^ey \hkklZgh\e_gby jZ[hlu bklhqgbdZ ihke_ \hafh`guo we_dljb
q_kdbo ijh[h_\ \ BHK beb ijb fh^meypbb imqdZ >ey bkdexq_gby ijh[h_\ \
BHK \h \j_fy gZjZklZgby \ukhdh]h gZijy`_gby iehlghklv wfbkkbhggh]h
lhdZ mklZgZ\eb\Z_lky gZ fbgbfZevghf mjh\g_ hij_^_ey_fhf ebrv mkeh\by
fb ih^^_j`Zgby <Q−jZajy^Z Ihke_ mklZgh\e_gby gZijy`_gbc gZ k_ldZo
BHK iehlghklv bhggh]h lhdZ m\_ebqb\Z_lky ^h ghfbgZevgh]h mjh\gy <j_fy
gZjZklZgby <Q−gZijy`_gby gZ Zgl_gg_ f_gvr_  fdk qlh h[_ki_qb\Z_l
^ebl_evghklv njhglZ ijb nhjfbjh\Zgbb imqdZ ba ieZaf_ggh]h wfbll_jZ
f_g__  fdk GZ jbk3 ijb\_^_gZ oZjZdl_jgZy hkpbeeh]jZffZ lhdZ imqdZ
Klmi_gvdZ gZ i_j_^g_f njhgl_ kb]gZeZ khhl\_lkl\m_l lhdm imqdZ ijb jZ[hl_
<Q−]_g_jZlhjZ gZ fbgbfZevghf mjh\g_ fhsghklb 
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Jbk 3 Hkpbeeh]jZffZ lhdZ bhggh]h imqdZ \ j_`bf_ k fh^meypb_c




HilbfbaZpby oZjZdl_jbklbd ieZaf_ggh]h wfbll_jZ ijh\h^beZkv [_a
nhjfbjh\Zgby imqdZ bhgh\ [hevrhc wg_j]bb >ey fh^_ebjh\Zgby ]Zah\uo
mkeh\bc khhl\_lkl\mxsbo jZ[hl_ wfbll_jZ \ bhgghf bklhqgbd_ gZ _]h lhj
p_ \f_klh ieZaf_gghc k_ldb [ue mklZgh\e_g ^bkd k hl\_jklbyfb ^ey \\h^Z
ahg^h\ KmffZjgZy iehsZ^v hl\_jklbc [ueZ [ebadZ d iehsZ^b hl\_jklbc ^ey
ba\e_q_gby imqdZ \ ieZaf_gghc k_ld_ BHK  
Ijhnbev iehlghklb bhggh]h lhdZ baf_jyeky k_lhqguf ahg^hf i_j_
f_sZ\rbfky \ iehkdhklb ]^_ jZkiheZ]ZeZkv ieZaf_ggZy k_ldZ Ijhnbev
iehlghklb lhdZ b wnn_dlb\ghklv jZajy^Z kms_kl\_ggh aZ\bk_eb hl dhebq_kl
\Z b nhjfu fZ]gblh\ jZkiheh`_gguo gZ lhjp_ ]ZahjZajy^ghc dZf_ju Z
lZd`_ bo hlghkbl_evghc hjb_glZpbb b jZkklhygby f_`^m gbfb ;ueb bkke_
^h\Zgu g_kdhevdh \ZjbZglh\ dhgnb]mjZpbb wlbo fZ]gblh\ dhevp_\hc fZ]gbl
k yjfhf jZaebqghc nhjfu b fmevlbihevgu_ dhgnb]mjZpbb ba hl^_evguo
fZ]gblh\ ijyfhm]hevghc nhjfu Ihemq_ggu_ ijhnbeb lhdZ kjZ\gb\Zebkv k
j_i_jguf baf_j_gguf \ kemqZ_ wfbll_jZ [_a fZ]gblh\ gZ aZ^g_c kl_gd_ 
Ijhnbev iehlghklb lhdZ \ \ZjbZgl_ [_a fZ]gblh\ ij_^klZ\e_g jbk4  
djb\Zy  ^ey ih]ehsZ_fhc \ jZajy^_ fhsghklb  d<l DZd \b^gh ba jb
kmgdZ kj_^gyy iehlghklv lhdZ ih wfbll_jm jZ\gZ  f:kf2 iheguc lhd
 : Z g_h^ghjh^ghklv \ ij_^_eZo ^bZf_ljZ  ff khklZ\ey_l ±10% H^gh
jh^ghklv wfbll_jZ aZf_lgh memqrbeZkv ijb mklZgh\d_ gZ aZ^gbc neZg_p
]ZahjZajy^ghc dZf_ju dhevp_\h]h fZ]gblZ k `_e_aghc gZdeZ^dhc jbk5Z <  










wlhf kemqZ_ fZ]gblgh_ ihe_ gZ ih\_joghklb fZ]gblZ jZ\gh  =k b kiZ^Z_l
d ieZaf_gghc k_ld_ ^h a =k Ijhnbev iehlghklb lhdZ ijb wlhf bf__l g_
h^ghjh^ghklv hdheh ± < wlhf \ZjbZgl_ ijb lhf `_ iheghf lhd_ wfbll_jZ
ih]ehsZ_fZy \ jZajy^_ fhsghklv aZf_lgh f_gvr_ −  d<l  
>Zevg_cr__ m\_ebq_gb_ wnn_dlb\ghklb jZajy^Z \ ihelhjZ − ^\Z jZaZ
ih kjZ\g_gbx k \ZjbZglhf [_a fZ]gblgh]h ihey [ueh ^hklb]gmlh k fZ]gblZ
fb fmevlbihevghc dhgnb]mjZpbb < i_j\hf \ZjbZgl_ ^\Z fZ]gblZ ba 6P&h5 
jZaf_jhf ×9× ff k gZijy`_gghklvx fZ]gblgh]h ihey gZ ih\_joghklb
hdheh  d=k [ueb mklZgh\e_gu dZd ihdZaZgh gZ jbk[ <h \lhjhf \ZjbZgl_
q_luj_ fZ]gblZ k lZdhc `_ gZijy`_gghklvx ihey gZ ih\_joghklb b jZaf_jhf


















Jbk 5 Dhgnb]mjZpbb fZ]gblh\ gZ lhjp_\hc kl_gd_ ieZaf_ggh]h wfbll_jZ Z
dhevp_\hc fZ]gbl fmevlbihevgu_ dhgnb]mjZpbb [ ^\Z fZ]gblZ \ q_luj_
fZ]gblZ 
JZkq_lgu_ ijhnbeb fh^mey fZ]gblgh]h ihey \ ]ZahjZajy^ghc dZf_j_
^ey jZaebqguo dhgnb]mjZpbc fZ]gblh\ ihdZaZgu gZ jbk6− < \ZjbZgl_ k
^\mfy fZ]gblZfb fZ]gblgh_ ihe_ kiZ^Z_l hl lhjpZ =   ^h  =k \ p_glj_
dZf_ju Z ^Ze__ \[ebab ieZaf_gghc k_ldb ^h a =k jbk djb\Zy  < kemqZ_
q_luj_o fZ]gblh\ ihe_ kiZ^Z_l \[ebab k_ldb ^h ≤  =k djb\Zy  
 GZ jbk7 b jbk8 ijb\_^_gu aZ\bkbfhklb fh^mey fZ]gblgh]h ihey hl
o b m \ iehkdhklb ieZaf_gghc k_ldb \ \ZjbZgl_ dh]^Z gZ lhjp_ ieZaf_gghc
dZf_ju  b  fZ]gblZ khhl\_lkl\_ggh <b^gh qlh \ \ZjbZgl_ k q_lujvfy
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Jbk 4 Ijhnbeb iehlghklb bhggh]h
lhdZ wfbll_jZ  – [_a fZ]gblghc kl_g
db  – k fZ]gblghc kl_gdhc ba q_luj_o
fZ]gblh\ 
 fZ]gblZfb bf__lky ^hklZlhqgh ohjhrZy ZdkbZevgZy kbff_ljby FZ]gblgh_
ihe_ \ p_glj_ gZ hkb jZ\gh gmex b m\_ebqb\Z_lky d i_jbn_jbb ieZaf_gghc
dZf_ju ]^_ fZ]gblgh_ ihe_ m^_j`b\Z_l we_dljhgu ieZafu < wlhf kemqZ_
kiZ^ iehlghklb bhggh]h lhdZ d i_jbn_jbb f_gvr_ q_f \ \ZjbZgl_ [_a fZ]
gblgh]h ihey 




























Jbk 6 Ijhnbev fZ]gblgh]h ihey
\^hev hkb wfbll_jZ k ^\mfy fZ]gb
lZfb  b k q_lujvfy fZ]gblZfb 
gZ lhjp_ 
Jbk 7. Ijhnbev fZ]gblgh]h ihey \
iehkdhklb ieZaf_gghc k_ldb gZ
lhjp_ ieZaf_gghc dZf_ju  fZ]gb
lZ − Go  − Gm 










 <ZjbZgl wfbll_jZ k ^\mfy fZ]gblZfb gZ lhjp_ hdZaZeky g_kdhevdh
wnn_dlb\g__ iheguc lhd wfbll_jZ m\_ebqb\Z_lky ijbf_jgh gZ a ijb
nbdkbjh\Zgghf gZijy`_gbb gZ Zgl_gg_ Khhl\_lkl\_ggh ijb gZijy`_gbb
gZ Zgl_gg_  d< lhd bhggh]h imqdZ m\_ebqb\Z_lky k  : q_luj_ fZ]gblZ
^h  : ^ey ^\mo fZ]gblh\  
Ohly \ \ZjbZgl_ k ^\mfy fZ]gblZfb wnn_dlb\ghklv jZajy^Z g_kdhev
dh \ur_ q_f k q_lujvfy gh ijb wlhf ijhy\ey_lky ZabfmlZevgZy Zkbff_ljby
ijhnbey iehlghklb lhdZ : bf_ggh ijhnbev iehlghklb lhdZ kms_kl\_ggh
jZaebqZ_lky \ ^\mo \aZbfgh i_ji_g^bdmeyjguo gZijZ\e_gbyo − \^hev b ih
i_j_d fZ]gblh\ o b m hkb gZ jbk NhjfZ ijhnbey \^hev hkb m khhl\_lkl\m
_l k^\b]m ieZafu dZd p_eh]h qlh ijb\h^bl d kms_kl\_gghc g_h^ghjh^ghklb
iehlghklb lhdZ ih wfbll_jm jbk9 L_f g_ f_g__ ijb lZdhc g_h^ghjh^gh
klb bhgguc bklhqgbd klZ[bevgh jZ[hlZ_l k bhgguf lhdhf  : ijb wg_j]bb
 dw< < \ZjbZgl_ k q_lujvfy fZ]gblZfb gZ lhjp_ ijhnbev iehlghklb lhdZ
wfbll_jZ bf__l aZf_lgh f_gvrmx g_h^ghjh^ghklv ± jbk  
Ijb jZ[hl_ wfbll_jZ k iehlghklvx lhdZ  −  f$kf
2
hlghkb
l_evgZy \_ebqbgZ g_h^ghjh^ghklb ijhnbey hklZ_lky ijZdlbq_kdb ihklhyg
ghc hdheh ± ijb baf_g_gbb ihlhdZ ]ZaZ \ jZajy^gmx dZf_jm hl  ^h
e⋅Lhjjk G_h^ghjh^ghklv lZd`_ g_ f_gyeZkv kms_kl\_ggh ijb baf_g_gbb
fhsghklb \ ^h\hevgh rbjhdhf ^bZiZahg_ hl  ^h  d<l b nbdkbjh\Zg
ghf ihlhd_ ]ZaZ  e⋅Lhjjk 






























Jbk 9 Ijhnbeb iehlghklb bhggh]h
lhdZ wfbll_jZ k ^\mfy fZ]gblZfb gZ
aZ^g_c kl_gd_  – -o  – ih ^bZ]h
gZeb  – -m 
Jbk 10 AZ\bkbfhklv ihegh]h lhdZ




Baf_j_ggZy aZ\bkbfhklv ihegh]h lhdZ wfbll_jZ hl fhsghklb ih
]ehsZ_fhc \ jZajy^_ hdZaZeZkv ijZdlbq_kdb ebg_cghc \iehlv ^h  d<l
jbk10 :dlb\gh_ wd\b\Ze_glgh_ khijhlb\e_gb_ ieZafu ijb wlhf g_agZqb
l_evgh baf_gy_lky hl  Hf ^h  Hf ijb baf_g_gbb ihlj_[ey_fhc
<Q−fhsghklb hl  ^h  d<l 
Kh]eZkgh wlbf baf_j_gbyf \ j_`bf_ k wd\b\Ze_glguf lhdhf Zlh
fh\ \h^hjh^Z  : lhd bhgh\ hdheh  : \ jZajy^_ ih]ehsZ_lky fhsghklv a
d<l >ey wlh]h oZjZdl_jgh]h j_`bfZ jZ[hlu wnn_dlb\ghklv wfbll_jZ hij_
^_ey_fZy dZd hlghr_gb_ ihegh]h bhggh]h lhdZ d fhsghklb ih]ehsZ_fhc \
jZajy^_ jZ\gZ a :d<l Ihemq_ggZy wnn_dlb\ghklv ieZaf_ggh]h wfbll_jZ
[ebadZ d wnn_dlb\ghklb wfbll_jh\ gZ hkgh\_ ^bnnmabhggh]h ^m]h\h]h jZa
jy^Z >  @ =Zah\Zy wnn_dlb\ghklv hlghr_gb_ lhdZ bhggh]h imqdZ d
ihlhdm fhe_dme ]ZaZ ih^Z\Z_fh]h \ ]ZahjZajy^gmx dZf_jm \ wlhf j_`bf_
khklZ\eyeZ hdheh   
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Jbk 8 Ijhnbev fh^mey fZ]gblgh]h
ihey \ iehkdhklb ieZaf_gghc k_ldb
gZ lhjp_ ieZaf_gghc dZf_ju  fZ]
gblZ − Go  − Gm  − ih ^bZ
]hgZeb Gom 2 ). 
 Ahg^h\u_baf_j_gbywe_dljhgghcl_fi_jZlmju 
biehlghklbieZafu 
H^gh\j_f_ggu_ baf_j_gby iehlghklb b we_dljhgghc l_fi_jZlmju
ieZafu \ ]ZahjZajy^ghc dZf_j_ ijhba\h^bebkv ljhcguf e_g]fxjh\kdbf
ahg^hf >@ Ahg^ bf_e ljb h^bgZdh\uo [ebadh jZkiheh`_gguo we_dljh^Z \
\b^_ i_l_ev \ukhlhc  ff b rbjbghc  ff ba \hevnjZfh\hc ijh\hehdb ^bZ
f_ljhf  ff HqbkldZ jZ[hq_c ih\_joghklb ahg^Z ijhba\h^beZkv i_j_^
dZ`^uf baf_j_gb_f k ihfhsvx ijh]j_\Z ahg^h\uo i_l_ev lhdhf  f: ^h
l_fi_jZlmju hdheh 
h
K \ l_q_gb_  fbgmlu 
Ijb ghfbgZevguo iZjZf_ljZo <Q−jZajy^Z khhl\_lkl\h\Z\rbo
iehlghklb lhdZ wfbll_jZ  f:kf2 \ p_glj_ dZf_ju ih^ Zgl_gghc gZ jZk
klhygbb  ff hl ieZaf_gghc k_ldb we_dljhggZy l_fi_jZlmjZ jZ\gyeZkv
 w< < wlhf kemqZ_ \ p_gljZevghc qZklb ieZaf_gghc dZf_ju ih^ Zgl_gghc
iehlghklv bhggh]h lhdZ gZkus_gby [ueZ jZ\gZ  f:kf2 b iehlghklv
ieZafu khklZ\eyeZ ⋅1012 kf-3 Iehlghklv bhggh]h lhdZ gZkus_gby baf_jy
eZkv lZd`_ ih^\b`gufb e_g]fxjh\kdbf b k_lhqguf ahg^Zfb >ey kjZ\g_
gby gZ jbk11 ihdZaZgu jZ^bZevgu_ ijhnbeb iehlghklb bhggh]h lhdZ baf_
j_ggu_ wlbfb ^\mfy ahg^Zfb \ iehkdhklb ieZaf_gghc k_ldb Ijhnbev 
baf_j_g ih^ Zgl_gghc \ha[m`^_gby gZ jZkklhygbb  ff hl ieZaf_gghc k_l
db k ihfhsvx e_g]fxjh\kdh]h ahg^Z DZd \b^gh ihdZaZgby h[hbo ahg^h\ \
iehkdhklb ieZaf_gghc k_ldb kh\iZ^Zxl k lhqghklvx a 
K ihfhsvx [ZjZljhgZ mklZgh\e_ggh]h gZ aZ^g_c kl_gd_ jZajy^ghc
dZf_ju baf_jyehkv ^Z\e_gb_ ]ZaZ \ l_q_gb_ jZajy^Z Ijb ihlhd_ \h^hjh^Z \
jZajy^  e⋅Lhjjk hgh khklZ\eyeh  fLhjj >Zggu_ wlbo baf_j_gbc iha\h
eyxl k^_eZlv ]jm[mx hp_gdm kl_i_gb bhgbaZpbb ieZafu _keb ijbgylv qlh
l_fi_jZlmjZ ]ZaZ b ieZafu h^bgZdh\Z b ihklhyggZ ih h[t_fm IjbgbfZy
l_fi_jZlmjm a w< ihemqbf qlh iehlghklv g_cljZevguo qZklbp a⋅1013 kf-3. 
Khhl\_lkl\_ggh _keb ijbgylv ni ~ 1012 kf-3 kl_i_gv bhgbaZpbb \ jZajy^_
fh`_l [ulv hp_g_gZ dZd a 
GZ jbk12 ij_^klZ\e_g jZ^bZevguc ijhnbev we_dljhgghc l_fi_jZlm
ju baf_j_gguc \ iehkdhklb ieZaf_gghc k_ldb b ih^ Zgl_gghc Baf_j_gby
ijh\h^bebkv ijb l_o `_ mkeh\byo \ dhlhjuo baf_jyebkv ijhnbeb bhggh]h
lhdZ gZkus_gby ij_^klZ\e_ggu_ gZ jbk  
Baf_j_gby ljhcguf ahg^hf ^Zxl \_ebqbgm we_dljhgghc l_fi_jZlm
ju \ p_glj_ ih^ Zgl_gghc hdheh  w< AZf_lbf qlh l_fi_jZlmjZ ihemq_ggZy
\ l_o `_ mkeh\byo ih \hevl−Zfi_jghc oZjZdl_jbklbd_ ^\hcgh]h ahg^Z g_
kdhevdh \ur_ a w< Wlh hlebqb_ ih-\b^bfhfm fh`_l [ulv k\yaZgh k hleb
qb_f we_dljhgghc nmgdpbb jZkij_^_e_gby hl fZdk\_eeh\kdh]h Baf_j_gby
ahg^Zfb ihdZau\Zxl g_agZqbl_evgh_ mf_gvr_gb_ we_dljhgghc l_fi_jZlmju
ih jZ^bmkm hl p_gljZ d i_jbn_jbb \[ebab ieZaf_gghc k_ldb Z ih^ Zgl_gghc
gZh[hjhl g_dhlhjh_ m\_ebq_gb_  






























Jbk 11 JZ^bZevgu_ ijhnbeb iehl
ghklb bhggh]h lhdZ  – k_lhqguc
ahg^ b  – e_g]fxjh\kdbc ahg^ \
iehkdhklb ieZaf_gghc k_ldb  – 
e_g]fxjh\kdbc ahg^ gZ jZkklhygbb
 ff hl ieZaf_gghc k_ldb  
Jbk 12 JZ^bZevgu_ ijhnbeb we_d
ljhgghc l_fi_jZlmju ieZafu  – 
\[ebab ieZaf_gghc k_ldb  – gZ
jZkklhygbb  ff hl ieZaf_gghc
k_ldb 
 
























ihlhd ]ZaZ e Lhjjk
 
Jbk 13 AZ\bkbfhklv we_dljhgghc
l_fi_jZlmju ieZafu hl iehlghklb
bhggh]h lhdZ gZ hkb dZf_ju  − 
\[ebab ieZaf_gghc k_ldb  – gZ jZk-
klhygbb  ff hl ieZaf_gghc k_ldb 
Jbk 14 AZ\bkbfhklv we_dljhgghc
l_fi_jZlmju ieZafu gZ hkb dZf_
ju hl ihlhdZ ]ZaZ  – \[ebab
ieZaf_gghc k_ldb  – gZ jZkklhy
gbb  ff hl ieZaf_gghc k_ldb 
 
;ueh hlf_q_gh qlh we_dljhggZy l_fi_jZlmjZ ieZafu jZkl_l ijb
m\_ebq_gbb ih]ehsZ_fhc \ jZajy^_ <Q−fhsghklb < dZq_kl\_ beexkljZpbb
gZ jbk13 ij_^klZ\e_gZ aZ\bkbfhklv l_fi_jZlmju ieZafu hl iehlghklb bhg
gh]h lhdZ gZkus_gby gZ hkb dZf_ju \[ebab ieZaf_gghc k_ldb djb\Zy  b gZ
jZkklhygbb  ff hl ieZaf_gghc k_ldb djb\Zy  Baf_j_gby ijhba\h^bebkv
ljhcguf ahg^hf < iehkdhklb ieZaf_gghc k_ldb ijb baf_g_gbb iehlghklb
bhggh]h lhdZ hl  ^h  f:kf2 we_dljhggZy l_fi_jZlmjZ m\_ebqb\Z_lky hl  
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  w< ^h  w< < wlbo `_ mkeh\byo m\_ebq_gb_ ihlhdZ ]ZaZ \ jZajy^gmx
dZf_jm hl  ^h  e⋅Lhjjk g_ ijb\h^bl d aZf_lghfm baf_g_gbx we_dljhg
ghc l_fi_jZlmju jbk14).  
 H kl_i_gb ^bkkhpbZpbb ]ZaZ \ ]ZahjZajy^ghc dZf_j_ fh`gh [ueh
km^blv ih baf_j_gbyf bgl_gkb\ghklb ebgbb +α >ey wlh]h q_j_a aZ^gxx
kl_gdm \ <Q−dZf_jm gZ jZ^bmk_  ff \\h^beky hilbq_kdbc k\_lh\h^ ih
dhlhjhfm k\_l ihklmiZe \ fhghojhfZlhj F>J OZjZdl_jgZy aZ\bkbfhklv
bgl_gkb\ghklb baemq_gby hl ih]ehsZ_fhc fhsghklb ihdZaZgZ gZ jbk15 DZd
\b^gh baf_j_ggZy lZdbf h[jZahf bgl_gkb\ghklv baemq_gby +α dZd b iheguc
lhd wfbll_jZ ijyfh ijhihjpbhgZevgZ ih]ehsZ_fhc fhsghklb 























Jbk 15 AZ\bkbfhklv bgl_gkb\ghklb baemq_gby ebgbb +α b iehlghklb lhdZ hl
ih]ehsZ_fhc \ jZajy^_ fhsghklb 
  
FZkkh\uckhklZ\bhggh]himqdZ 
 >ey baf_j_gbc fZkkh\h]h khklZ\Z bhggh]h imqdZ ba\e_dZ_fh]h ba
ieZaf_ggh]h wfbll_jZ bkihevah\Zeky fZ]gblguc fZkk−ZgZebaZlhj jbk16). 
FZkk−ZgZebaZlhj [ue mklZgh\e_g gZ hkb gZ jZkklhygbb  f hl bhggh]h bk
lhqgbdZ G_[hevrZy qZklv imqdZ \uj_aZeZkv \ g_f ^bZnjZ]fhc  b ijhoh
^beZ ^Ze__ q_j_a jZ\gh\_kgmx ]_eb_\mx fbr_gv  < ]Zah\hc fbr_gb ijh




gZ ijhlhgu b Zlhfu \h^hjh^Z
k wg_j]byfb khhl\_lkl\_ggh  b  hl iheghc wg_j]bb imqdZ ?b Ihke_
]Zah\hc fbr_gb imqhd khklhysbc ba ijhlhgh\ b Zlhfh\ \h^hjh^Z ijhoh^be
q_j_a fZ]gblgh_ ihe_ fZkk−ZgZebaZlhjZ ]^_ ijhlhggZy dhfihg_glZ imqdZ
jZa^_eyeZkv gZ ljb hkgh\gu_ njZdpbb k iheghc wg_j]b_c (b, Eb b (b/3. 
LZd`_ gZ[ex^Zeky ibd k wg_j]b_c a(b dhlhjuc h[mkeh\e_g f_^e_ggu
fb bhgZfb \h^h\h^Z h[jZamxsbfbky \ j_amevlZl_ ^bkkhpbZpbb \h^hjh^hkh






   GZ jbk17 ijb\_^_gZ oZjZdl_jgZy aZ\bkbfhklv lhdZ gZ dhee_dlhj hl
fZ]gblgh]h ihey \ fZkk−ZgZebaZlhj_ baf_j_ggZy aZ k_jbx bfimevkh\ \
dhlhjuo fZ]gblgh_ ihe_ baf_gehkv hl bfimevkZ d bfimevkm Wg_j]by imqdZ \  
 
 
Jbk 16 Ko_fZ fZ]gblgh]h fZkk−ZgZebaZlhjZ  − ^bZnjZ]fZ  −]_eb_\Zy
fbr_gv  − bfimevkguc deZiZg ]Zah\hc fbr_gb −5 − dhee_dlhju 
 
wlbo baf_j_gbyo khklZ\eyeZ  dw< lhd −  : ihlhd \h^hjh^Z \ bklhqgbd
 e⋅Lhjjk >hey khhl\_lkl\mxsbo njZdpbc \ bhgghf imqd_ hij_^_eyeZkv k
mq_lhf jZ\gh\_kgh]h \uoh^Z ^ey dZ`^hc wg_j]bb qZklbp ijb wg_j]byo
 dw<  dw< b  dw< \uoh^ ijhlhgh\ jZ\_g khhl\_lkl\_ggh  
 b dhebq_kl\Z qZklbp \ fhe_dme_ Ijb\_^_gghfm ]jZnbdm khhl\_lkl\m_l
ke_^mxsbc khklZ\ imqdZ ijhlhgh\ −   bhgh\ G2
+
 −  bhgh\ G3
+
  − 
 \h^u − 1,4%.  


















Jbk 17 AZ\bkbfhklv lhdZ gZ dhee_dlhj fZkk−ZgZebaZlhjZ hl fZ]gblgh]h
ihey 
>Zevg_crb_ baf_j_gby ihdZaZeb qlh dhebq_kl\h ly`_euo ijbf_k_c
ibd ijhlhgh\ k wg_j]b_c a(b \ fZkk−ZgZebaZlhj_ kms_kl\_ggh aZ\b
kbl hl j_`bfZ jZ[hlu ieZaf_ggh]h wfbll_jZ < qZklghklb \dexq_gb_ b jZ
[hlZ ieZaf_ggh]h wfbll_jZ \ l_q_gb_ g_dhlhjh]h \j_f_gb ^h nhjfbjh\Zgby
imqdZ lg j_`bf k ij_^ieZafhc wnn_dlb\gh mf_gvrZ_l kh^_j`Zgb_ ijb
f_k_c kh^_j`Zsbo dbkehjh^ LZd kh^_j`Zgb_ \h^u mf_gvrZehkv k a ^h
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 a ijb ij_^\Zjbl_evghf dhg^bpbhgbjh\Zgbb kl_ghd ]ZahjZajy^ghc dZ
f_ju \ jZajy^_ \ l_q_gb_  fk >Zevg_cr__ m\_ebq_gb_ ^ebl_evghklb hqb
kldb kl_ghd dZf_ju g_ ijb\h^bl d aZf_lghfm mf_gvr_gbx kh^_j`Zgby \h^u
\ imqd_ Ih-\b^bfhfm \ wlhf kemqZ_ hij_^_e_ggmx jhev b]jZ_l ijhp_kk
obfbq_kdh]h jZkiue_gby d_jZfbq_kdhc kl_gdb >@ ijb\h^ysbc d ]_g_jZpbb
fhe_dme \h^u gZ __ ih\_joghklb 
 Bgl_j_kgh hlf_lblv qlh khklhygb_ ih\_joghklb b dhgp_gljZpby
\h^u hdZau\Z_l lZd`_ \ebygb_ gZ dhebq_kl\h fhe_dmeyjguo bhgh\ \h^hjh^Z
\ jZajy^_ : bf_ggh ijb jZ[hl_ bklhqgbdZ k ij_^ieZafhc ^hey ijhlhgghc
dhfihg_glu k iheghc wg_j]b_c mf_gvrZ_lky k  ^h  ijb lhd_ imqdZ
 : b ihlhd_ ]ZaZ \ bklhqgbd  e⋅Lhjjk Ih-\b^bfhfm wlh k\b^_l_evkl\m_l
h[ m\_ebq_gbb j_dhf[bgZpbb gZ kl_gdZo ijb mf_gvr_gbb dhebq_kl\Z \h^u
gZ gbo >@ 
 Ijb\h^bfu_ gb`_ j_amevlZlu ih baf_j_gbx fZkkh\h]h khklZ\Z
imqdZ ihemq_gu k ij_^\Zjbl_evguf jZajy^hf ^ebl_evghklvx  fk FZkkh
\uc khklZ\ baf_jyeky q_j_a  fk ihke_ gZqZeZ nhjfbjh\Zgby imqdZ >eb
l_evghklv imqdZ h[uqgh khklZ\eyeZ  fk >ey dhgljhey [ueZ ijh\_^_gZ
k_jby bfimevkh\ k [hevr_c ^ebl_evghklvx fk KhklZ\ imqdZ \ bfimev
kZo [hevr_c ^ebl_evghklb g_ baf_gbeky 
 >ey bhggh]h imqdZ k lhdhf  : b  : ijb wg_j]bb  d< [ue baf_
j_g khklZ\ \ aZ\bkbfhklb hl ihlhdZ ]ZaZ \ ]ZahjZajy^gmx dZf_jm jbk18). 
Ijb m\_ebq_gbb ihlhdZ ]ZaZ \ bklhqgbd k  e⋅Lhjjk ^h  e⋅Lhjjk dhebq_kl
\h H1+ m\_ebqb\Zehkv k  ^h  H^gh\j_f_ggh m\_ebqb\ZeZkv ^hey bh
gh\ G3
+
\ imqd_ aZ kq_l mf_gvr_gby ^heb G2
+
 Wlh h[klhyl_evkl\h k\yaZgh k
m\_ebq_gb_f \_jhylghklb ijhp_kkZ 1322 HHHH +→+
++  ijb\h^ys_]h d ]b[_
eb bhgh\ H2+ b ]_g_jZpbb bhgh\ H3+  Djhf_ lh]h ih\ur_gb_ ^Z\e_gby ]ZaZ \
ieZaf_gghc dZf_j_ \_^_l d ihgb`_gbx l_fi_jZlmju \ jZajy^_ Ijb wlhf
kdhjhklv wlhc j_Zdpbb agZqbl_evgh m\_ebqb\Z_lky >@ Ijb bkihevah\Zgbb
d_jZfbq_kdhc dZf_ju ba Al2O3 \ bkke_^h\Zgguo j_`bfZo jZ[hlu wfbll_jZ
fZdkbfZevgh_ kh^_j`Zgb_ ijhlhgh\ [ueh a <ukhdhqZklhlgu_ ieZaf_g
gu_ bklhqgbdb k d\Zjp_\ufb dZf_jZfb iha\heyxl ihemqZlv imqdb k kh^_j
`Zgb_f bhgh\ G1
+
 85− >@ IjbqbgZ [he__ gbadh]h kh^_j`Zgby ijhlh
gh\ ijb [ebadbo iehlghklyo bhggh]h lhdZ \ bkke_^h\Zgghf ieZaf_gghf
wfbll_j_ g_ \iheg_ ihgylgZ Ihkdhevdm dhwnnbpb_gl ih\_joghklghc j_dhf
[bgZpbb gZ d_jZfbd_ Al2O3 fZe b [ebahd d agZq_gbx ^ey d\ZjpZ >@ \ha
fh`gh qlh aZf_lgmx jhev ^ey ^Zgghc ]_hf_ljbb ]ZahjZajy^ghc dZf_ju
b]jZ_l j_dhf[bgZpby gZ f_lZeebq_kdbo ih\_joghklyo k_lhd b f_^gh]h lhj
p_\h]h neZgpZ  
GZ jbk19 ihdZaZgZ lbibqgZy aZ\bkbfhklv kh^_j`Zgby H1+ hl lhdZ
imqdZ DZd \b^gh k m\_ebq_gb_f lhdZ ^ey ijhlhgh\ \hajZklZ_l b aZf_lgh
m[u\Z_l ^hey H3+.  




































ihlhd ]ZaZ e Lhjjk


































Jbk 18 FZkkh\uc khklZ\ \h^hjh^
gh]h imqdZ \ aZ\bkbfhklb hl ihlhdZ
]ZaZ 
Jbk 19 FZkkh\uc khklZ\ \h^hjh^
gh]h imqdZ \ aZ\bkbfhklb hl lhdZ
ijb nbdkbjh\Zgghf ihlhd_ ]ZaZ
 e⋅Lhjjk 
 
>ey ij_^hl\jZs_gby jZkiue_gby d_jZfbq_kdhc ieZaf_gghc dZf_ju
b kgb`_gby l_ieh\uo gZ]jmahd gZ g__ [ueb bkiulZgu ^\Z lbiZ nZjZ^__\
kdbo wdjZgh\ I_j\uc ij_^klZ\ey_l kh[hc pbebg^j ba f_^b lhesbghc  ff k
 ijh^hevgufb s_eyfb rbjbghc lZd`_  ff Baf_j_gby ihdZaZeb qlh ijb
mklZgh\d_ lZdh]h wdjZgZ wnn_dlb\ghklv jZajy^Z mf_gvrZ_lky ijbf_jgh \ ^\Z
jZaZ ih kjZ\g_gbx k ieZaf_gghc dZf_jhc [_a wdjZgZ < ^jm]hc \_jkbb wdjZgZ
\gmlj_ggyy kl_gdZ dZf_ju [ueZ qZklbqgh aZdjulZ bahebjh\Zggufb f_^gufb
ieZklbgZfb lhesbghc  ff jZaf_jhf × ff2 k aZahjhf f_`^m gbfb
 ff IeZklbgu wdjZgZ eb[h ijbde_b\Zebkv d d_jZfbd_ eb[h gZghkbebkv gZ
ih\_joghklv d_jZfbdb q_j_a ki_pbZevgmx fZkdm k ihfhsvx jZkiue_gby
f_^gh]h we_dljh^Z \ ^m]h\hf jZajy^_ >@ LZdhc wdjZg kgb`Z_l wg_j]_lbq_
kdmx wnn_dlb\ghklv jZajy^Z \  jZaZ >ey wlh]h \ZjbZglZ wdjZgZ \ ij_^_
eZo lhqghklb baf_j_gbc g_ [ueh aZf_q_gh baf_g_gby fZkkh\h]h khklZ\Z ih





 >ey ZgZebaZ wdki_jbf_glZevguo ^Zgguo bkihevah\ZeZkv ke_^mxsZy
fh^_ev ]_g_jZpbb ieZafu \ ieZaf_gghf wfbll_j_ < jZkq_lZo iehlghklb
),( zrni b ihlhdZ bhgh\ ),( zrqiz ij_^iheZ]Zehkv qlh bhgu jh`^Zxlky \h
\k_f h[t_f_ ieZafu \gmljb <Q−bklhqgbdZ >Ze__ kqblZehkv qlh bhgu jZa
e_lZxlky bahljhigh hl lhqdb jh`^_gby b ^ebgZ k\h[h^gh]h ijh[_]Z fgh]h
[hevr_ jZaf_jh\ jZajy^ghc dZf_ju Kdhjhklb bhgh\ kqblZebkv ihklhyggu
fb b jZ\guf ^jm] ^jm]m Z gZ kl_gdZo bhgu iheghklvx ih]ehsZxlky Jh`^_
gb_ bhgh\ hibku\Z_lky nmgdpb_c bklhqgbdh\ ),( zrP  dhlhjZy aZ^Z_l qbkeh
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 bhgh\ \hagbdZxsbo \ _^bgbpm \j_f_gb \ _^bgbp_ h[t_fZ k dhhj^bgZlZfb
( , )r z \ j_amevlZl_ bhgbaZpbb \h^hjh^Z \ dZf_j_ we_dljhgguf m^Zjhf  
 < bkihevam_fhc fh^_eb ijyfhebg_cguo ljZ_dlhjbc bhgh\ bo iehl
ghklv ),( zrni b ihlhd ),( zrqiz hij_^_eyxlky bgl_]jZeZfb hl ),( zrP ih \k_fm
h[t_fm dZf_ju >ey kjZ\g_gby j_amevlZlh\ qbke_gguo jZkq_lh\ k wdki_jb
f_glZevgufb ijhnbeyfb [ueh jZkkfhlj_gh ljb fh^_evguo jZkij_^_e_gby
bklhqgbdh\ jbk20): 1) ihklhygguc ih jZ^bmkm  k fZdkbfmfhf jZkiheh
`_gguf gZ i_jbn_jbb  k fZdkbfmfhf gZ hkb >ey m^h[kl\Z kjZ\g_gby
jZkij_^_e_gby bklhqgbdh\ ghjfbjmxlky lZdbf h[jZahf qlh[u ihegh_ qbkeh
bhgh\ jh`^Zxsboky \ h[t_f_ dZf_ju [ueh h^bgZdh\uf \h \k_o lj_o \Zjb
ZglZo  
 Ijhnbeb iehlghklb lhdZ bhgh\ gZ lhjp_ dZf_ju ]^_ nhjfbjm_lky
ieZaf_gguc wfbll_j ihdZaZgu gZ jbk21 Pbnju hdheh djb\uo khhl\_lkl
\mxl jZaebqguf jZkij_^_e_gbyf bklhqgbdh\ bhgh\ gZ jbk KjZ\gb\Zy
nhjfm \uqbke_gguo ijhnbe_c iehlghklb lhdZ k baf_j_ggufb dZq_kl\_ggh
fh`gh k^_eZlv \u\h^ qlh jZkij_^_e_gb_ bklhqgbdh\ bhgh\ kdhj__ \k_]h
ihklhyggh ih jZ^bmkm 
























Jbk 20 Fh^_evgu_ jZkij_^_e_gby
bklhqgbdh\ bhgh\ r   kf – kl_g
dZ 
Jbk 21 Ijhnbeb iehlghklb lhdZ
bhgh\ gZ wfbll_j_ Ghf_jZ djb\uo
khhl\_lkl\mxl pbnjZf gZ jbk 
 
 >ey jZkq_lZ i_j_f_gguo <Q−ihe_c \ h[t_f_ ieZafu bkihevah\Zeky
ih^oh^ ZgZeh]bqguc hibkZgghfm \ >@ Bkihevah\ZeZkv fh^_ev ZdkbZev
gh−kbff_ljbqghc ieZafu ihf_s_gghc \ ^bwe_dljbq_kdmx dZf_jm hdjm
`_ggmx fgh]h\bldh\hc kibjZevghc Zgl_gghc JZajy^gZy dZf_jZ b Zgl_ggZ
[ueb kgZjm`b hdjm`_gu pbebg^jbq_kdhc f_lZeebq_kdhc h[hehqdhc bf_x
s_c g_kdhevdh hl\_jklbc b jZaj_ah\ <Q−dhe_[Zgby lhdZ b aZjy^Z \ Zgl_gg_
]_g_jbjmxl \ h[t_f_ bklhqgbdZ i_j_f_ggh_ fZ]gblgh_ b we_dljbq_kdb_
ihey Wlh we_dljbq_kdh_ ihe_ mkdhjy_l we_dljhgu qlh ijb\h^bl d bhgbaZ
pbb \h^hjh^Z gZoh^ys_]hky \ dZf_j_ b lZdbf h[jZahf ih^^_j`b\Z_lky klZ
pbhgZjguc <Q−jZajy^ <ha[m`^_gb_ ihe_c k ihfhsvx Zgl_ggu hibku\Z
ehkv mjZ\g_gbyfb FZdk\_eeZ k aZ^Zgguf \g_rgbf lhdhf dhlhju_ j_rZebkv
k khhl\_lkl\mxsbfb ]jZgbqgufb mkeh\byfb ^ey dhfihg_gl ihe_c gZ ijh\h
^ysbo [hdh\uo kl_gdZo b lhjpZo f_lZeebq_kdh]h dh`moZ Ijh\h^bfhklv
ieZafu hibku\ZeZkv l_gahjhf ^bwe_dljbq_kdhc ijhgbpZ_fhklb oheh^ghc
ieZafu k mq_lhf klhedgh\_gbc we_dljhgh\ k g_cljZeZfb JZkq_l ijh\h^beky
^ey j_Zevghc dhgnb]mjZpbb k mq_lhf \g_rg_]h ijh\h^ys_]h f_lZeebq_kdh]h
dh`moZ Kh]eZkgh jZkq_lZf gZebqb_ wlhc kiehrghc ijh\h^ys_c h[hehqdb
jZ^bmkhf  kf \hdjm] Zgl_ggu jZ^bmkhf  kf mf_gvrZ_l i_j_f_ggh_ fZ]
gblgh_ ihe_ gZ hkb ijbf_jgh \ ^\Z jZaZ kj djb\u_  b  gZ jbk22D ih
wlhfm mq_l wlh]h hkeZ[e_gby \Z`_g  
 >ey kjZ\g_gby ghjfbjh\Zggu_ baf_j_gguc b \uqbke_gguc ijhnbeb
)(rBz ij_^klZ\e_gu gZ jbk[ DZd \b^gh bf__lky ohjhr__ kh]eZkb_
wdki_jbf_glZevguo ^Zgguo k fh^_evgufb jZkq_lZfb ^ey Zgl_ggu hdjm`_g
ghc kiehrguf f_lZeebq_kdbf dh`mohf k lhjpZfb 






















B  (r)/B  (0 )z z
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Jbk 22 Z Ijhnbev fZ]gblgh]h ihey \ kj_^g_c iehkdhklb Zgl_ggu k lhdhf
20 $ [ ghjfbjh\Zggu_ ijhnbeb )0()( zz BrB . 
1 – Zgl_ggZ \ \Zdmmf_  – Zgl_ggZ \ [_kdhg_qgh ^ebgghc ijh\h^ys_c ljm[_
3 – Zgl_ggZ \ ljm[_ k lhjpZfb  – baf_j_gguc ijhnbev 
 
 AZdexq_gb_ 
 JZajZ[hlZgguc b bkke_^h\Zgguc ieZaf_gguc wfbll_j gZ hkgh\_
<Q−jZajy^Z h[_ki_qb\Z_l nhjfbjh\Zgb_ h^ghjh^ghc ieZaf_gghc ih\_jogh
klb k wfbkkbhgghc iehlghklvx lhdZ ^h  f:kf
2
k g_h^ghjh^ghklvx g_
[he__ ± \ djm]_ ^bZf_ljhf  ff < j_amevlZl_ ijh\_^_gguo wdki_jbf_g
lZevguo bkke_^h\Zgbc wfbll_jZ hij_^_e_gu hkgh\gu_ aZ\bkbfhklb wfbkkb
hgguo oZjZdl_jbklbd hl iZjZf_ljh\ jZajy^Z <Q−fhsghklb gZimkdZ ]ZaZ
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 \_ebqbgu b dhgnb]mjZpbb fZ]gblgh]h ihey gZ lhjp_\hc kl_gd_ Baf_j_ggh_
kh^_j`Zgb_ ijhlhgh\ \ knhjfbjh\Zgghf ba wfbll_jZ imqd_ \h^hjh^guo
bhgh\ khklZ\ey_l a ijb lhd_ imqdZ  : 
 Wfbll_j bf__l ^hklZlhqgh ijhklmx dhgkljmdpbx b ijh^_fhgkljb
jh\Ze \ukhdmx gZ^_`ghklv >hklb]gmluc d gZklhys_fm \j_f_gb j_kmjk
jZ[hlu wfbll_jZ khklZ\ey_l a lukk < ^Zevg_cr_f ij_^iheZ]Z_lky gZ
hkgh\_ \u[jZgghc ko_fu jZajZ[hlZlv k_jbx wfbll_jh\ k jZaebqguf ^bZf_l
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